Objective: To investigate the desirable healing time of micro-screws by histomorphologic and histomorphometric evaluations of osseointegration after immediate and early loading. Materials and Methods: Fifty-four micro-screws were bilaterally placed in the maxillary premolar regions of nine beagles. Then the micro-screws with various healing time of 0 day (0D group), 2 weeks (2W group), and 4 weeks (4W group) were loaded with an orthodontic force (100 g) for 8 weeks. The direction of the orthodontic force was vertical to the long axis of the micro-screws. Hard tissue sections containing micro-screws were prepared for histomorphologic and histomorphometric evaluations. Results: The survival rate of the micro-screws in this study was 100%. Bone remodeling, close contact bone-implant interface, and endochondral ossification were observed in all osseous specimens. Activated osteoblasts aggregated to the bone-implant interface of the 4W group, and lamellar bone was found in the peri-implant regions. Micro-screws of the 2W group were partially surrounded by collagen fibers; and neonatal lines of bone, woven bone, and osteoclasts were found in the peri-implant regions. Micro-screws of the 0D group were surrounded by more collagen fibers compared with the other two groups. Bone implant contact ratios of the three groups were 43.74% (0D group), 66.26% (2W group), and 73.28% (4W group), respectively and statistical differences were significant (ANOVA, P , .01). Conclusion: All micro-screws in the three groups can provide stable orthodontic anchorage. However, to obtain improved stationary anchorage, a 4-week healing time is recommended before orthodontic loading. (Angle Orthod 2010;80:354-360.) 
INTRODUCTION
Anchorage, which is defined as resistance to unwanted tooth movement caused by the reacting force of orthodontic loading, plays a very important role in orthodontic treatment. 1 Endosseous implants have been successfully used in orthodontic treatment to provide absolute anchorage [2] [3] [4] since the theory of osseointegration (the close contact between bone and implant) was established by Branemark and colleagues. [5] [6] [7] [8] However, the large size of a conventional endosseous implant limits its usage as anchorage. To overcome this limitation, the micro-screw has been introduced because of its advantages compared with conventional implants. These advantages include smaller size, simpler implantation and removal, the possibility of immediate or early loading, and so on. 3, [9] [10] [11] [12] [13] [14] Osseointegration is a critical determinative factor of the performance of endosseous implant, [14] [15] [16] [17] [18] and the bone implant contact ratio (BIC) reflects the degree of osseointegration. [5] [6] [7] [8] Healing time has a considerable impact on osseointegration. [5] [6] [7] [8] 13 Osseointegration of the micro-screw at various healing times was evaluated in many studies. 10, 19, 20 Subsequently, researchers have questioned how long the desirable healing time should be before the orthodontic loading.
Authors presented various answers to this question. Saito 19 suggested that orthodontic force should be loaded on the micro-screw after 18 weeks of healing. Roberts 21 concluded that micro-screws could stand orthodontic loading of 100 g after 6 weeks of healing. Studies by Costa 22 indicated that micro-screws could provide stable anchorage after 4 weeks of healing. Melsen 10 reported that osseointegration could be observed on the immediately loaded bone-implant interface. Healing time is becoming shorter and shorter with clinical appliances, [23] [24] [25] and immediate loading is upheld by some clinicians. 26 Although many rigorous studies have been done on healing time, the desirable healing time remains unclear. The present study aimed to investigate the desirable healing time of micro-screws by histomorphologic and histomorphometric evaluations of osseointegration.
MATERIALS AND METHODS

Micro-screws and Animals
Fifty-four drill-free commercially pure titanium microscrews (Aarhus Microscrew, Medicon Company, Tuttlingen, Germany) measuring 1.6 mm in diameter and 6 mm in length and nine adult (18 months old) male beagles (West China Medical Laboratory Animal Center, Sichuan University, Sichuan, PR China) were used in this study. All micro-screws and beagles were divided into three groups: the immediate loading group (0D group), 2-week healing group (2W group), and 4week healing group (4W group) ( Figure 1 ). There were 18 micro-screws and three beagles in each group. The 0D group, 2W group, and 4W group represented the three pathological periods of bone healing after the insertion of implant, that is, the traumatic period, granulation period, and callus period, respectively. 27 
Surgical Procedures and Loading
Under the approval of the Institutional Committee for Animal Care, Sichuan University, Sichuan, China, surgical procedures were carried out in sterile conditions and under systemic anesthesia (5 mg/kg ketamine and 2 mg/kg xylazine intramuscularly [IM], Xi'an Bodyguard, Xi'an, China). To avoid drilling in the mucosa, 4-to 5-mm incisions were made at the keratinized mucosa in the regions between the mesial and distal roots of the second (P2), third (P3), and fourth (P4) premolars on both sides of the maxilla. Micro-screws were then implanted vertically to the surface of maxilla at the sites of P2, P3, and P4 by a drill-free method (Figure 2A ). The incisions were sutured on both sides of the micro-screws after the implantation.
After the surgical operations, all beagles received a mixture of penicillin G procaine and penicillin G benzathine (300,000 U/mL, 0.2 mL/5 kg IM, once a day, Xi'an Bodyguard, Xi'an, China) for 3 days and a soft diet for 7 days. 20 To ensure good oral hygiene, the beagles' oral cavities were locally rinsed with 2% chlorhexidine solution twice a day during the study.
A constant low-magnitude force of 100 g was loaded on the micro-screws vertically to their long axis using Ni-Ti coil springs at day 0 (0D group), 2 weeks (2W group), or 4 weeks (4W group) after the implantation, respectively. The micro-screws of P3 and P4 were loaded with each other. The micro-screw of P2 was loaded with the canine. To ensure the stability of the force, every Ni-Ti coil spring was examined with a force meter and reactivated every 2 weeks during the loading.
Histomorphologic and Histomorphometric Evaluations
After the 8-week loading, beagles of the three groups were euthanized by anesthesia overdose under the approval of the Institutional Committee for Animal Care, Sichuan University. The maxillas were retrieved with sharp dissection and subsequently chipped into individual osseous specimens (23131 cm 3 ) using a cutting disc under continuous saline flush. Every osseous specimen contained one micro-screw in its central region.
All osseous specimens were fixed with 4% paraformaldehyde for 1 week, dehydrated with gradient alcohol and chloroform by turn, and then embedded with methyl methacrylate. 28 According to Donath's method, 29 the embedded osseous specimens were sectioned in longitudinal direction parallel to the long axis of the micro-screw by a section cutter (SP 1600, Leica Instruments, Nussloch, Germany) at a low speed (0.4 mm/min). Three to four hard tissue sections, 60to 80-mm thick ( Figure 2B ,C), with the micro-screw's long axis in the force vector plane, were obtained from each micro-screw.
The hard tissue sections were stained with 1% toluidine blue for 48 hours. Histomorphologic and histomorphometric observations were performed using an image-analyzing system (Em120 and ACT-1, Nikon, Tokyo, Japan). Image Pro-Plus software (v 4.5, Media Cybernetic Inc, Bethesda, MD) was used to evaluate the bone-implant interfaces and calculate BICs according to the following formula 30 :
Statistical Analysis
To calculate the mean BIC of every osseous specimen, three hard tissue sections derived from the same osseous specimen were evaluated. The mean BIC of every group was then calculated based on the data of all osseous specimens in the corresponding group. Statistical analysis was carried out using the Statistical Package for Social Sciences (Windows v11.0, SPSS Inc., Chicago, IL). Analysis of variance (ANOVA) was used to evaluate the difference in BICs of the three groups. The Student-Newman-Keuls test (S-N-K) was used to investigate the differences in BICs between groups. A difference was considered statistically significant if P , .05.
RESULTS
Histomorphologic Observation
No postoperative infection occurred during the study. After the application of Ni-Ti coil springs, slight peri-implant soft tissue inflammation, caused by food impaction, was observed around several microscrews. But the peri-implant inflammation could be controlled by regular oral rinsing with 2% chlorhexidine solution. The survival rate of micro-screws was 100%.
After the 8-week orthodontic loading, all hard tissue sections of the 0D group ( Figure 3A) , 2W group ( Figure 3B ), and 4W group ( Figure 3C ) showed different degrees of osseointegration and bone remodeling. Though close contact between bone and microscrew was observed in all groups, the micro-screws of 0D group were surrounded by more collagen fibers than those of the other two groups ( Figure 3A) .
The 0D group showed crescent-shaped bone trabeculae, evidence of bone remodeling caused by osteoclast phagocytosis. Large amount of collagen fibers were observed in the peri-implant regions ( Figure 4A ).
In the 2W group, the micro-screws were partially surrounded by collagen fibers ( Figure 3B ). Activated osteoclasts and serrated edges of bone resorption were observed in the peri-implant regions; newly formed woven bone was found attaching to the surface of the micro-screw ( Figure 4B) . A neonatal line, evidence of bone neoformation, was found alongside newly formed bone near the micro-screw ( Figure 4C ).
Remodeling of bone trabeculae was prominent in the peri-implant regions of the 4W group, where osteoblasts aggregated and arranged in a line attaching to the surface of bone trabecula and the boneimplant interface ( Figure 4D ). Endochondral ossification with osteoblasts aggregated and lamellar bone with Haversian system were found in the peri-implant regions.
Histomorphometric Evaluation
Mean BICs of the 0D group, 2W group, and 4W group were 43.74%, 66.26% and 73.28%, respectively (Table 1) , and the statistical difference among groups was significant (ANOVA, P , .01). The results of S-N-K showed that the statistical differences between every two groups were significant, which indicated that BIC increased significantly with prolonged healing time.
DISCUSSION
Various healing times were designed in this study according to the principle of Albrektsson et al 27 : the 0D group, 2W group, and 4W group represented traumatic period, granulation period, and callus period of bone healing after the insertion, respectively.
Miyawaki 12 observed an 85% success rate of microscrews and evaluated the relative risk (4.6) of the failure of micro-screw anchorage in subjects with periimplant inflammation; he then concluded that preventing peri-implant inflammation is important for preventing failure of the implant anchor. According to Freudenthaler 11 and Roberts, 14 the major factor causing the losses of the loaded micro-screws is periimplant soft-tissue inflammation, rather than the application of the orthodontic loading. To prevent postoperative infection in long term, two long-acting antibiotics, penicillin G procaine and penicillin G benzathine, were applied to the dogs in this study, and the peri-implant inflammation was effectively controlled by regular oral rinsing with 2% chlorhexidine solution. Therefore, one possible reason for the 100% survival rate of the micro-screws was the decreased peri-implant soft tissue inflammation. The 100% survival rate indicated that micro-screws can provide stable anchorage, even under immediate loading, if good oral hygiene is ensured.
Bone remodeling is a simultaneous process of resorption and formation of bone. 31, 32 It plays an important role in maintaining osseointegration of the implant by replacing the previously existing bone and repairing fatigue damage of bone. 33 When mechanical stimulation is applied on implant, bone neoformation and remodeling can be found in the peri-implant regions. 34 Therefore, mechanical stimulation can initiate and promote bone remodeling. 35 After the 8-week loading, a neonatal line was observed at the border of the previously existing bone and the neoformative bone, which indicated that neoformation of the bone around the micro-screws had already occurred; activated osteoclasts and osteoblasts, crescent-shaped bone trabeculae, and serrated edge of bone resorption reflected the progressing bone remodeling (Figure 4) . The results were consistent with those of the study by Deguchi et al, 13 which showed that orthodontic loading did not hinder bone remodeling and osseointegration once the screw was implanted in bone. Interestingly, along with the prolonged healing time, collagen fibers around the micro-screws decreased significantly (Figure 3) and the BICs increased significantly (Table 1) ; woven bone and lamellar bone were found in the 2W group and 4W group, respectively. The results reflected the significantly different degrees of osseointegration among all groups and were consistent with previous studies, which indicated that the woven bone will be replaced by lamellar bone 13 and the degree of b P values of , .05 were considered to be significant; **P , .01. osseointegration will become higher [5] [6] [7] [8] 20 with prolonged healing time.
Osseointegration shows an ankylosis-like interface between living tissues and implant biomaterial, 5, 6 which could resist the force loaded on the implant, such as bite force in prosthetic treatment and orthodontic loading. 18, 36, 37 According to Branemark and colleagues, [5] [6] [7] [8] sufficient osseointegration leads to improved stability of dental implants. The anchorage stability of the micro-screw is closely related to the degree of osseointegration. 38 BIC is a quantitative parameter that reflects the degree of osseointegration. 39 A higher BIC means more favorable distribution of stress caused by loading. 40 Therefore, the significantly different BICs of the 0D group, 2W group, and 4W group (Table 1) suggest that longer healing time results in improved stability of micro-screw anchorage.
CONCLUSIONS
N The 100% survival rate indicates that micro-screws implanted in maxilla can support both immediate and early orthodontic loading. N The three groups had significantly different degrees of osseointegration, and the 4W group showed the highest degree of osseointegration. Therefore, a 4-week healing time should be considered before orthodontic loading to improve stationary anchorage.
